Introduction {#sec1}
============

Breast cancer is one of the leading causes of death in women worldwide, accounting for 14% of all cancer deaths in women.^[@ref1]^ Despite improved patient survival due to advances in targeted therapeutics, breast cancer patients often suffer relapse due to drug resistance mechanisms. One of the most frequently encountered drug resistant mechanisms involves the active efflux of drug from the cells, mediated primarily by transmembrane adenosine triphosphate (ATP)-dependent pumps called ATP-binding cassette (ABC) transporter proteins.^[@ref2]^ These drug transporters include the P-glycoprotein (ABCB1), the multidrug-resistance-associated protein (ABCC1), and the breast cancer related protein (BRCP) or ABCG2.^[@ref3],[@ref4]^ The *ABCG2* gene is an ABC half-transporter that is associated with resistance to mitoxantrone (MTX) and anthracyclines such as doxorubicin and its analogue, epirubicin.^[@ref5]^ It is well-established that many breast tumors that initially respond well to chemotherapy subsequently develop resistance to a broad range of drugs.^[@ref6]^ Currently, anthracycline-based chemotherapy, used in combination with 5-fluorouracil and cyclophosphamide is a standard treatment for metastatic breast cancer.^[@ref6]^

Recently, nanomaterials have emerged as powerful tools for enhancing drug delivery and imaging.^[@ref7]−[@ref12]^ Recent studies have demonstrated the use of nanoparticle-based drug carriers in combating chemoresistance in various cancer types.^[@ref13]−[@ref20]^ To evaluate new therapeutic strategies in drug delivery, we examined the delivery of MTX adsorbed onto nanodiamonds (ND--MTX) in breast cancer cells. Nanodiamonds are chemically inert and scalably produced carbon particles with truncated octahedral architectures that are approximately 5 nm in diameter. NDs possess uniquely faceted surfaces that can release a broad spectrum of drugs in a sustained manner while improving therapeutic tolerance. More importantly, NDs possess excellent physical and chemical properties such as chemical stability in solution, good biocompatibility, and the ability to enhance therapeutic efficacy.^[@ref21]−[@ref28]^ NDs have been shown to deliver anticancer chemotherapeutics, nucleic acids, and insulin at an effective and sustained rate.^[@ref29]−[@ref35]^ In particular, the use of ND--doxorubicin demonstrated the ability to overcome drug efflux and increase apoptosis in liver tumors *in vivo*.^[@ref30]^

In this study, we explore the use of ND-mediated drug retention in drug-resistant breast cancer cells. NDs were engineered to reversibly bind and release the chemotherapeutic agent, MTX, via physical adsorption between the ND surface and MTX molecules. The resultant complex, ND--MTX was further characterized and compared with MTX drug alone. Importantly, we show that ND--MTX increased sensitivity of resistant breast cancer cells, possibly mediated via increased MTX retention in the cells. Additionally, we elucidated further the key mechanisms that influence ND drug release. This work suggests the use of NDs as a promising drug delivery platform for chemoresistant solid tumors.

Experimental Section {#sec2}
====================

Cell Lines and Reagents {#sec2.1}
-----------------------

The MDA-MB-231-luc-D3H2LN (MDA-MB-231) breast cancer cell line was purchased from Caliper and maintained in Dulbecco's modified Eagle medium (DMEM) supplemented with 10% fetal bovine serum (FBS) with 1% sodium pyruvate and 1% nonessential amino acids in a humidified atmosphere at 37 °C with 5% CO~2~. To generate MTX-resistant breast cancer cell line (MDA-MB-231-ABCG2), MDA-MB-231 cells were lentivirally transduced with pSIN4-EF2-ABCG2-IRES-Neo lentiviral vector (Addgene). Mitoxantrone (MTX) dihydrochloride and sodium hydroxide (NaOH) were purchased from Sigma-Aldrich (Milwaukee, USA). Nanodiamonds (ND) were obtained from the NanoCarbon Research Institute Ltd. (Nagano, Japan). DMEM and phosphate buffer saline (PBS) were obtained from Gibco, Life Technologies (NY, USA), and FBS was purchased from Gemini Bio Products (West Sacramento, USA). The NDs and all solutions were sterilized prior to use.

ND--MTX Loading and Optimization {#sec2.2}
--------------------------------

Lyophilized MTX was dissolved in water at a stock concentration of 5 mg/mL and then subsequently diluted to a working stock of 1 mg/mL. NDs and MTX were mixed at a ratio of 5:1 (w/w) in the presence of NaOH (the final NaOH concentration in solution is 2.5 mM). The mixture was vortexed and incubated at room temperature. Subsequently, the mixture was centrifuged and washed with deionized water. The supernatant containing MTX was then removed. This supernatant was used to quantify the unbound MTX to calculate the loading efficiency of MTX bound to NDs. The pelleted ND--MTX was resuspended in deionized water by sonication. The loading of MTX on NDs was quantified by measuring the unbound MTX in the supernatant. The absorbance of MTX at 610 nm wavelength is linearly correlated with MTX concentration. A standard curve was established by serial dilution of MTX ranging from 0 to 200 μg/mL to attribute absorbance measurements due to MTX concentration.

MTX Release Profile from ND--MTX {#sec2.3}
--------------------------------

MTX release from NDs was tested under different pH conditions by incubating ND--MTX (0.8 mg:0.16 mg/mL ND/MTX) in different pH solutions at a physiological condition of 37 °C. pH was adjusted using 1 M NaOH and 1 M HCl solutions. ND--MTX was resuspended in deionized water and different pH conditions (pH 2, 4, 7, 10, 12, and 7 with 50% FBS). ND--MTX was then centrifuged, and the resultant supernatant was used to quantify drug release at several time points (6, 12, 24, 48, and 72 h). In order to account for the stability of MTX at 37 °C, supernatant from each time point, as well as MTX standard curve samples, was stored at 37 °C, and MTX quantification was performed following collection of the final time point. The drug release assay was performed in triplicate. For the MTX release experiment carried out in DMEM with 50% FBS diluted 1:1 and 1:10 in PBS, solution containing 100 μg of MTX on NDs was initially removed by centrifugation for 20 min at 14 000 × *g* to obtain the ND--MTX pellet. This ND--MTX pellet was redispersed into 1 mL of 1:1 and 1:10 media by pipetting up and down gently, and then incubated at 37 °C. At each predetermined time period, ND--MTX was centrifuged for 20 min at 14 000 × *g*, and all supernatant was replaced with equal volume of fresh media. Each sample was also redispersed in media by pipetting up and down gently. To determine the amount of MTX released, UV absorption of MTX in the supernatant was measured at 610 nm, and calculated according to the MTX standard curve derived from the same release media. The drug release assay was performed in triplicate.

ND--MTX Chraacterization by FTIR, Dynamic Light Scattering (DLS), and ζ-Potential Measurement {#sec2.4}
---------------------------------------------------------------------------------------------

Fourier transform infrared spectroscopy (FTIR) was performed using a PerkinElmer FTIR spectrum 2000 over a range of 400--4000 cm^--1^. Samples were dried using a rotary evaporator. Two milligrams of sample was mixed with 0.1 g of potassium bromide (KBr) powder using mortar and pestle, after which the sample was pressed to a thin film before the spectra were taken. The analysis data were recorded on Jasco FT/IR-420 with the resolution of 1 cm^--1^ and 64 scan accumulations. The size and zeta (ζ) potential of ND and ND--MTX suspensions (0.2--0.3 mg/mL) were determined by using Zetasizer Nano ZS (Malvern Instrument, UK). Nanoparticle size measurements were performed at 25 °C and a 173° backscattering angle with at least 3 runs. The hydrodynamic diameter was determined by the average of *z*-average values with those standard deviations from 3 runs. Zeta potential was also measured at 25 °C in the aqueous medium by using DTS-1060C clear zeta cells in automatic mode.

Cell Viability and IC~50~ Calculations {#sec2.5}
--------------------------------------

Five × 10^4^ cells were plated on a 96-well culture plate (NUNC) and cultured for 24 h at 37 °C. Equivalent MTX and ND--MTX drug concentrations were used so that informed comparisons could be made. MTX and ND--MTX (0.00001, 0.0001, 0.001, 0.005, 0.007, 0.01, 0.02, 0.04, 0.06, 0.08, 0.1, 0.2, 0.4, 0.6, 0.8, 1, 10, and 100 μM) were added per treatment condition (*n* = 3) for 4 h, after which cells were washed once with 1 × PBS. An additional wash was carried out after 24 h incubation, thereafter cells were further incubated with complete growth medium for 48 h before quantification of cell viability using 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2*H*-tetrazolium (MTS) colorimetric assay (Promega) at absorbance 490 nm according to manufacturer's instructions. Background absorbance (staining in the absence of the cells) was subtracted from each sample before calculating the absorbance ratio. Sigmoidal dose--response curves and IC~50~ values were generated by fitting calculated cell viability values at different log concentrations using Graphpad Prism 6 software (Graphpad, CA, USA) according to the four-parameter logistic sigmoidal dose--response curve: *Y* = IC~100~ + (IC~0~ -- IC~100~)/(1 + 10^(log IC~50~ -- *X*) × hill slope^ where *X* is the logarithm concentration and *Y* is the predicted response.

*In Vitro* MTX Retention Profile {#sec2.6}
--------------------------------

To visualize drug retention *in vitro*, 1 × 10^4^ cells were plated on 8-well chamber slides (NUNC) and cultured for 24 h at 37 °C. The cells were synchronized for 2 h with serum-free medium prior treatment with IC~50~ of MTX or ND--MTX for 1 h. Thereafter, cells were washed once with 1 × PBS and incubated in complete growth media for 6 and 24 h. Cells were then washed with 1 × PBS and fixed with 4% paraformaldehyde (PFA) for 10 min at 37 °C. Subsequently, the fixed cells were stained with 4′,6-diamidino-2-phenylindole (DAPI) for 5 min and visualized using a Nikon confocal laser scanning microscope. Fixed cells were visualized with the DAPI channel at an excitation/emission wavelength of 345/455 nm, and intracellular MTX was visualized with the Cy5 channel at an excitation/emission wavelength of 610/685 nm.

Western Blot {#sec2.7}
------------

Cells were pelleted and lysed in buffer containing 0.5% sodium deoxycholate, 1% NP-40 detergent, 0.1% SDS, 0.15 mol/L NaCl, and 10 mmol/L Tris-HCl (pH 7.4), with protease and phosphatase inhibitors cocktail tablets (Roche). Equal amounts of protein were separated by SDS-polyacrylamide gel electrophoresis, transferred to polyvinylidene difluoride membranes, and probed with primary antibodies. Membranes were processed according to standard procedures and proteins detected using the imaging system ImageQuant LAS 500 (GE healthcare Life Sciences). The following antibodies were used: anti-ABCG2 (1:1000, Cell Signaling) and anti-β-actin (1:5000, Cell Signaling).

Quantitative Real-Time PCR {#sec2.8}
--------------------------

Total RNA was extracted from cell pellet using TRI Reagent (Sigma-Aldrich) and reverse transcription was carried out in 20 μL reactions on 500 ng of total RNA from each sample using iScript Reverse Transcription Supermix (Bio-Rad Laboratories) according to manufacturers' instructions. For qPCR, triplicate aliquots of cDNA for each sample (2 μL) were then subjected to 40 amplification cycles of PCR (Applied Biosystems Prism 7500 sequence detection system) using iTaq Universal SYBR Green Supermix (Bio-Rad Laboratories). Primers used were as follow: *ABCG2* (forward primer, 5′-TGGCTTAGACTCAAGCACAGC-3′; reverse primer, 5′-TCGTCCCTGCTTAGACATCC-3′), *ABCB1* (forward primer, 5′- GCCTGGCAGCTGGAAGACAAATAC-3′; reverse primer, 5′- ATGGCCAAAATCACAAGGGTTAGC-3′), *ABCC1* (forward primer, 5′-GTACATTAACATGATCTGGTC-3′; reverse primer, 5′-CGTTCATCAGCTTGATCCGAT-3′), and *GAPDH* (forward primer, 5′-AGCCACATCGCTCAGACAC-3′; reverse primer, 5′-GCCCAATACGACCAAATCC-3′). The level of gene expression was determined using *GAPDH* as the normalizer gene and expressed as mean ± SD of the triplicate PCR reactions.

Statistical Analysis {#sec2.9}
--------------------

Student *t* test or Mann--Whitney analysis were used for comparison of 2 independent groups. *P* \< 0.05 was accepted as statistically significant. All experiments were at least performed in triplicate, the results averaged, and the standard deviation (SD) or standard error of the mean (SEM) calculated.

Results {#sec3}
=======

Physical Characterization of ND--MTX {#sec3.1}
------------------------------------

ND--MTX was formed by mixing sterilized NDs and MTX at an optimal ratio of 5:1 (w/w) (Figure [1](#fig1){ref-type="fig"}A). The loading efficiency of MTX on NDs was 87.2 ± 8.51 as measured by the absorbance of unbound MTX at 610 nm (Figure [1](#fig1){ref-type="fig"}B).

![Physical characterization of ND--MTX. (A) Schematic diagram of MTX loading onto ND to form ND--MTX conjugate. (B) Standard curve of MTX loading efficiency on ND. (C) Particle size distribution (i) and zeta potential (ii) of ND and ND--MTX. (D) FITR spectra of ND, MTX, and ND--MTX. The FTIR spectra of ND--MTX showed distinctively C=C--H out of plane bending vibration at 820--840 cm^--1^, C=C stretching vibration at 1560 and 1603 cm^--1^, and C=O stretching vibration at 1628 cm^--1^ compared with that of ND. Those peaks are matched well with MTX.](mp-2014-001108_0001){#fig1}

After the initial optimization of MTX binding to NDs, ND--MTXs were characterized to verify successful loading. Physical characteristics such as particle size, surface-charge properties, and MTX release profiles were investigated. Dynamic light scattering (DLS) was used to determine the average hydrodynamic diameter of ND and ND--MTX agglomerates. As shown in Figure [1](#fig1){ref-type="fig"}Ci, NDs suspended in water agglomerate into complexes with an average size of 23.3 ± 0.09 nm. After physical adsorption of MTX, the ND--MTX complexes equilibrated with an average diameter of 54.6 ± 0.29 nm, suggesting the additional layer of bound MTX on ND. In addition, NDs exhibited a surface charge of 55.8 ± 0.37 mV, whereas ND--MTX had a slight decrease in zeta-potential of 47.8 ± 0.66 mV (Figure [1](#fig1){ref-type="fig"} Cii). This suggests that the loading of MTX on ND will not have a significant effect on cellular permeability. Furthermore, the narrow size distribution and negligible change in zeta potentials between NDs and ND--MTXs indicate good homogeneity of the particles in solutions, which is a crucial physical property of translationally relevant drug delivery systems.

To further demonstrate the successful formation of ND--MTX, FITR spectra were evaluated to compare the peaks of ND, MTX, and ND--MTX (Figure [1](#fig1){ref-type="fig"}D). Our FTIR spectra analysis on ND showed the broad stretching vibration band of C=O at 1700 to 1800 cm^--1^, which is from various carbonyl groups formed on ND, such as ketone, ester, lactone, and carboxylic acid. The peak at 1632 cm^--1^ belongs to the bending vibration of O--H from adsorbed water on ND. Those peaks (indicated as red arrows) are consistent with previous findings. In addition, a majority of the peaks for ND--MTX coincided well with MTX, serving as evidence for the presence of MTX on ND. By comparing the spectra of ND and ND--MTX, the vibration bands at 820 to 840, 1560, 1603, and 1628 cm^--1^ at ND--MTX showed distinct signals, whereas ND did not show any vibration bands at these indicated regions. These distinct peaks are designated to C=C--H out of plane bending vibration, two peaks of C=C stretching vibrations, and C=O stretching vibration, respectively. Because of the conjugation with double bonds on benzene and other pi bonds, C=O stretching vibration was shown at a lower wavenumber than usual C=O stretching vibration. Collectively, our FITR spectra analysis confirms the loading of MTX onto ND platforms due to the strong presence of ND and MTX peaks in ND--MTX spectra.

*In Vitro* Release of MTX from ND--MTX Conjugate {#sec3.2}
------------------------------------------------

Another key feature of a successful drug delivery system is the ability to release the drugs in a controlled biological setting. The release profile of MTX from ND--MTX was evaluated under a variety of pH conditions (Figure [2](#fig2){ref-type="fig"}A). At basic conditions of pH 10 and 12, MTX was minimally released at 7.3 ± 3.2% and 2.5 ± 2.4%, respectively, after 6 h. At neutral (pH 7) and acidic (pH 4) conditions, the MTX release efficiency increased to 19 ± 3.8% and 37.5 ± 4.1%, respectively. At extreme acidic conditions of pH 2, about 54.8 ± 4.3% of MTX is released after the first 6 h of incubation, characteristic of a burst release. In addition, the *in vitro* drug release profile of ND--MTX was carried out in water (pH 7) plus 50% FBS as well as two different FBS-containing media (1:1 and 1:10 of DMEM (with 50% FBS)/PBS) in order to mimic the influence of biological matter, such as soluble proteins, salts, and sugars, on drug release. The addition of FBS to water resulted in an enhanced release of MTX (27.9 ± 3.2%) after the first 6 h of incubation (Figure [2](#fig2){ref-type="fig"}A). As shown in Figure [2](#fig2){ref-type="fig"}B, the presence of salts and sugars in DMEM as well as biological matter, such as soluble proteins in FBS, influenced drug release as early as 24 h with 49.6 ± 0.22% and 40.2 ± 1.83% in 1:1 and 1:10 of DMEM (50% FBS)/PBS media, respectively. ND--MTX demonstrated cumulative release of MTX over 3 weeks at 80.3 ± 0.33% (80 μg of MTX) and 62.0 ± 1.30% (62 μg of MTX) in 1:1 and 1:10 of DMEM (50% FBS)/PBS media, respectively.

![Release profile of MTX from ND--MTX conjugate. (A) *In vitro* release profile of MTX from ND--MTX complexes under various pH conditions. MTX elution was evaluated over a period of 72 h under pH 2, 4, 7, 10, 12, and pH 7 + 50% FBS conditions. MTX release behaviors displayed as percentage of total loaded MTX. (B) Release profile of MTX in 1:1 and 1:10 (DMEM (+50% FBS)/PBS). Higher FBS concentrations enhanced the release of MTX from ND--MTX. MTX release behaviors displayed as percentage of total loaded MTX.](mp-2014-001108_0002){#fig2}

Increased ABCG2 Expression in Drug-Resistant Breast Cancer Cells {#sec3.3}
----------------------------------------------------------------

A resistant breast cancer cell line was required to test the *in vitro* efficacy of the ND--MTX. To generate a drug-resistant breast cancer cell line variant, MDA-MB-231 cells were lentivirally transduced with a lentiviral vector overexpressing the drug transporter, ABCG2 (pSIN4-EF2-ABCG2-IRES-Neo).^[@ref36]^ We validated the mRNA overexpression of *ABCG2* by quantitative real time PCR. In addition, we also evaluated the mRNA expression levels of *ABCB1* and *ABCC1*, the two other most extensively studied ABC drug transporters. Our results showed that only *ABCG2* mRNA levels were significantly increased (*p* \< 0.01) by 40-fold in MDA-MB-231-ABCG2 cells as compared to the MDA-MB-231 control cells (Figures [3](#fig3){ref-type="fig"}A,B). Additionally, this increase in mRNA was confirmed by Western blot analysis to translate into an increase in ABCG2 protein expression (Figure [3](#fig3){ref-type="fig"}A).

![ABC transporter protein expression in breast cancer cells. (A) Gene expression analysis of *ABCG2* (left panel) and protein analysis of ABCG2 compared to control β-actin (right panel) in breast cancer cells (MDA-MB-231 and MDA-MB-231-ABCG2). (B) Gene expression analysis of two other major drug transporter proteins (*ABCB1* and *ABCC1)* of the ABC transporter family in breast cancer cells (MDA-MB-231 and MDA-MB-231-ABCG2).\*, *p* \< 0.05; \*\*\*, *p* \< 0.001.](mp-2014-001108_0003){#fig3}

ND--MTX Efficacy Using IC~50~ {#sec3.4}
-----------------------------

We next evaluated the half maximal inhibitory concentration or IC~50~ of MTX and ND--MTX to quantify the amount of therapeutics required to cause 50% cell death. Dose--response curves were generated over a wide range of therapeutic concentrations and fitted to a four-parameter logistic sigmoidal function. As illustrated in Figure [4](#fig4){ref-type="fig"}A, MDA-MB-231-ABCG2 cells (MTX IC~50~, 38 nM) were almost 2-fold more resistant to MTX compared to normal MDA-MB-231 cells (MTX IC~50~, 20.1 nM), mainly attributed by the increased in *ABCG2* expression. Importantly, when similar comparison was made with ND--MTX, we observed a 6.4-fold decrease in IC~50~ in MDA-MB-231-ABCG2 cells when treated with ND--MTX compared to normal MDA-MB-231 cells, indicative of increased sensitivity of the drug-resistant cells to ND--MTX (Figure [4](#fig4){ref-type="fig"}B). This increase in sensitivity of the therapeutics in drug-resistant MDA-MB-231-ABCG2 cells suggests the slow release of MTX from ND--MTX complexes can prolong MTX retention.

![*In vitro* efficacy of MTX and ND--MTX in breast cancer cells. (A) Dose--response curves of MDA-MB-231 and MDA-MB-231-ABCG2 after exposure to a range of MTX or ND--MTX concentrations. (B) Fold change in IC~50~ values of MTX and ND--MTX for MDA-MB-231-ABCG2 cells relative to MDA-MB-231 control cells.](mp-2014-001108_0004){#fig4}

NDs Prolongs MTX Retention *in Vitro* {#sec3.5}
-------------------------------------

To confirm that ND delivery of MTX can improve MTX retention, we examined MTX retention at 6 and 24 h after 1 h of MTX treatment with MTX or ND--MTX. At 6 h, both MTX and ND--MTX showed visible retention in the cells, with ND--MTX exhibiting higher drug retention efficiency 35 ± 9.6% compared to MTX retention at 14 ± 4.8% (Figure [5](#fig5){ref-type="fig"}Ai,Bi, *p* = 0.0181). At 24 h, cells treated with ND--MTX showed significantly higher retention than MTX. The retention efficiency for ND--MTX and MTX after 24 h was 39 ± 5.4% and 6 ± 1.9%, respectively (Figures [5](#fig5){ref-type="fig"}Aii,Bii, *p* = 0.004). These significant differences demonstrated that NDs can enhance MTX retention *in vitro*, possibly accounting for the increased sensitivity of resistant breast cancer cells to MTX. Collectively, our *in vitro* drug retention study provides strong evidence for the use of ND--MTX as an effective drug delivery platform.

![Conjugation of MTX to ND prolongs MTX retention in breast cancer cells. (A) Representative images of MTX retention at (i) 6 h and (ii) 24 h after 1 h of treatment with IC~50~ concentrations of MTX and ND--MTX. ND--MTX treatment at 24 h showed significant MTX retention (indicated by red arrows). (B) Quantitative scores of MTX retention efficiency at (i) 6 h and (ii) 24 h after 1 h of treatment with IC~50~ concentrations of MTX and ND--MTX.\*\*, *p* \< 0.01; \*, *p* \< 0.05. Scale bar represents 50 μm.](mp-2014-001108_0005){#fig5}

Discussion {#sec4}
==========

The focus of this study evaluates the efficiency of ND-based drug delivery agent (ND--MTX) in chemoresistant breast cancer cells. Active drug efflux across the cell membrane against the concentration gradient has been associated with the development of drug resistance and the subsequent reduction of intracellular drug concentrations cause insensitivity to chemotherapeutics and consequent treatment failure. One of the major drug transporters of MTX is the *ABCG2* gene product, which functions as an ATP-dependent membrane transporter. Overexpression of *ABCG2* has been shown to confer a drug resistant phenotype associated with an enhanced drug efflux capability.^[@ref37]^ Henceforth, developing strategies to overcome drug resistance becomes increasingly important to improve treatment efficacy.

To effectively deliver chemotherapeutics into cancer cells overexpressing drug transporters, we explored the use of an ND--drug complex platform. Nanoparticles possess the ability to shuttle their cargo in and out of the cells primarily through the process of endocytosis, thereby evading the drug transporter proteins, resulting in improved drug efficacy. Constant-pH dynamic simulations and experiments have previously demonstrated an important role for pH in the adsorption of cancer therapeutics onto NDs.^[@ref38]^ In our current study, we demonstrated that NDs effectively bind to MTX with high loading efficiency under high pH. Additionally, pH plays an important role in the removal of MTX from ND surface as the ND--MTX release profile showed greater release in acidic pH conditions. This will further ensure the proper release of MTX into the cells after endocytosis, where pH conditions of the endosomes and lysosomes are acidic. Furthermore, the ND--MTX complex showed a narrow size distribution, as indicated by the narrow width of the peak for ND--MTX. This is an important characteristic of consistent and scalable synthesis/processing procedures toward the development of novel clinical therapeutics. Additionally, the size of ND--MTX complexes fit within the optimal window for passive targeted nanoparticle cancer drug delivery, when relying on enhanced permeation and retention (EPR) effect.^[@ref13]^ As such, the physical characteristics of ND--MTX suggest suitability in the clinic.

With regards to the drug release mechanism, prior studies have evaluated the interaction of water and proteins with the ND surface. Because the ND possesses a uniquely faceted truncated octahedral architecture, it has been previously shown that alternating electrostatics present between adjacent facets can mediate water molecule coordination around ND particles.^[@ref39]^ This mechanism may serve as the foundation for the markedly enhanced imaging properties observed with ND--gadolinium (Gd) magnetic resonance imaging agents that produced among the highest per-Gd relaxivity increases ever reported.^[@ref40]^ In addition to water coordination, protein interactions with ND surfaces have been previously studied.^[@ref41]^ In order to determine the effect of protein interaction on MTX release, ND--MTX were incubated with two different FBS containing media. In this work, we observed accelerated drug release in solutions with a higher FBS concentration, which may be attributed to the replacement of MTX by charged FBS proteins in the media. Similar to the mechanisms that enable potent water coordination on the ND surface, serum protein competition with the MTX compound may account for a more rapid replacement and subsequent elution of MTX. The modulation of release rate from the ND surface based on surrounding serum protein concentration warrants further investigation with regard to tuning the behavior of the ND platform.

Our *in vitro* dose--response study of MTX and ND--MTX on the drug resistant variant of MDA-MB-231 cells demonstrated the enhanced efficacy of ND--MTX in terms of improving sensitivity of the resistant cancer cells to the chemotherapeutic. This suggests that ND--MTX complexes were able to sustain and promote a steady release of MTX within the cells after bypassing the drug transporters, highlighting the advantage of using NDs as chemotherapeutic carriers. More importantly, when we evaluated the MTX retention profile *in vitro*, we were able to observe a marked improvement of MTX retention in the cells. This further confirms our earlier postulation that the increased drug sensitivity is attributed by enhanced MTX retention.

Multidrug resistance (MDR) is commonly associated with the overexpression of P-glycoprotein (MDR1 or ABCB1). One of the substrates for MDR1 includes MTX, a commonly used antineoplastic agent with some clinical activity in the treatment of leukemia, lymphoma, ovarian, and breast cancers.^[@ref42]−[@ref44]^ The fact that chemotherapeutic agents such as MTX are substrates for multiple classes of drug transporters renders a bigger challenge for oncologists to use chemotherapy in the treatment and management of many cancers. Recently, the focus has been made on the reversal of MDR phenotype by inhibiting drug transporter proteins. However, most of the inhibitors have failed to produce clinically significant data due to issues with pharmacokinetic or pharmacodynamics interactions and toxicities.^[@ref45]−[@ref47]^ Our work presented here is unique because drug delivery via the ND platform is independent of drug transporter proteins. Hence, the requirement to administer small molecule inhibitors of drug transporters in conjunction with chemotherapeutics is avoided, greatly reducing the potential side effects of poor pharmacokinetics and pharmacodynamics interactions.

These studies suggest that MTX delivery by NDs may have clinical benefits, particularly for patients with drug-resistant cancers or recurrence following chemotherapy treatment. Further preclinical dose escalation studies of ND--MTX and toxicity and excretion of studies of the ND platform, however, need to be further developed in relevant animal models before translation into clinical trials. In addition, further optimization of NDs for cell specific-targeted delivery of chemotherapeutic payloads can be developed to achieve specific targeting and further treatment efficacy.

Conclusions {#sec5}
===========

This study realized an ND--MTX complex that mediated markedly enhanced MTX retention and improved therapeutic efficacy. In addition, the zeta potential of ND--MTX complexes and MTX did not vary significantly, hence minimizing the risk of repulsion near cellular membranes. The release of MTX from NDs was highly influenced by pH and soluble protein concentrations in the surrounding environment, suggesting a release mechanism amenable to biological delivery. More importantly, ND--MTX complexes showed enhanced sensitivity in the drug-resistant variant of breast cancer cells. Our *in vitro* study hence supports the continued evaluation of ND--MTX as an improved drug delivery platform for drug-resistant solid tumors.
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